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Objectives: a positive correlation between cholesterol esterification, acyl-CoA:cholesterol acyltransferase (ACAT), multi-
drug resistance (MDR1) gene expression and atherosclerotic lesions has been shown in human arteries. The objective of
this study was to map the expression of MDR1, ACAT genes and the cholesteryl ester content in normal, atherosclerotic
and varicose human vessels.
Materials: vascular segments were obtained from seven cadaveric donors, 27 patients undergoing vascular surgery for
severe atherosclerotic disease and 11 patients with saphenous vein varicosities.
Methods: lipid analysis and RT-PCR of MDR1 and ACAT mRNAs were performed.
Results: an increase in cholesteryl ester content and in ACAT and MDR1 expression was demonstrated in relation to
the age in the arteries prone to atherosclerosis; this expression was maximal in arteries from symptomatic patients. In
resistant arteries and in veins cholesteryl ester accumulation was rare and light, while ACAT and MDR1 expression
was not related to the age of the subjects.
Conclusions: the results showed that an increase in MDR1 and ACAT expression may be responsible for the accumulation
of cholesteryl esters as well as for cell growth rate acceleration in vessel sites prone to atherosclerosis.
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Introduction and MDR1 in atherosclerosis-prone arteries such as
abdominal aorta and superficial femoral artery.
Previous studies from this laboratory have shown a Numerous pathophysiologic observations in
positive correlation between cholesterol esterification humans and animals led to the formulation of the
and growth rate potential in several different types of response-to-injury hypothesis of atherosclerosis. Re-
normal and tumour cell lines.1–3 Higher mRNA levels gardless of the cause, each characteristic lesion could
of acyl-CoA:cholesterol acyltransferase (ACAT) and represent a different stage in a chronic inflammatory
multidrug resistance (MDR1), the genes involved in process in the artery. If the inflammatory response
cholesterol esterification, in the patterns of active cell does not effectively neutralise or remove the offending
proliferation were also observed suggesting a role agents, it may continue indefinitely and culminate in
in the regulation of cell growth and division.4 Since an excessive, inflammatory, proliferative response.6
cholesterol ester accumulation and cell proliferation It is also apparent that the “response-to-injury” leads
are the most important mechanisms of atherosclerotic to differences in the organisation and enlargement
plaque formation and growth, the expression of ACAT of the lesions in various parts of the arterial tree.
and MDR1 genes has also been evaluated in healthy Epidemiological and mapping studies based on sur-
and atherosclerotic arteries.5 Results have shown an gical experiences, arteriogram and autopsy studies
age-dependent increase in mRNA levels of ACAT have demonstrated that the distribution of ath-
erosclerotic plaques in humans tends to predominate
at several anatomic sites which are especially prone
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discrepancies in the involvement of different vessels chloroform/methanol 2:1 v/v. The latter were then
separated by thin layer chromatography on kiesegelin the atherosclerotic process, no clear explanation
exists. In the present study we have attempted to map plates (Merck, Germany) using a solvent system con-
taining n-heptane/isopropyl ether/formic acid (60:40:the expression of MDR1, ACAT and cholesteryl ester
content in the majority of human arteries prone and 2, v/v/v). Cholesterol ester (CE) bands were identified
by comparison with standards which run sim-resistant to atherosclerosis as well as in human vein
walls which usually do not develop atherosclerotic ultaneously on one side of the plate using iodine
vapour. Cholesterol mass was determined by Bowmanlesions.
and Wolf’s method10 using cholesterol palmitate as
standard.Materials and Methods
Human tissue samples
RT-PCR analysisHealthy segments of carotid common artery, ab-
dominal aorta, iliac artery, superficial femoral artery, Total RNA was isolated from arterial specimens usingprofunda femoral artery, and internal mammary artery the guanidine isothiocyanate phenol-chloroform ex-have been obtained from seven cadaveric donors (two traction method.11 Integrity of RNA was evaluatedfemales and five males), ranging in age from 16 to 48 by agarose gel electrophoresis, and RNA yield wasyears. All cadavers were multiorgan donors and did quantified spectrophotometrically and A260/A280not have symptomatic and/or macroscopic athero- ratios determined.sclerotic lesions. Equal amounts of total RNA (1 g) were reverseSamples of human atherosclerotic lesions of internal transcribed into cDNA using the random examercarotid artery (n=5), abdominal aorta (n=13), iliac method. cDNA was subsequently amplified by theartery (n=5), superficial femoral artery (n=4), were polymerase chain reaction (PCR) in the presence ofobtained from 27 patients (20 males and seven fe- specific primers according to the instructions providedmales), ranging in age from 37 to 78 years, undergoing by the manufacturer (GeneAmp RNA PCR Kit, Perkin-surgical intervention for occlusive carotid disease, aor- Elmer Cetus).tic aneurysm or thrombosis, severe chronic leg isch- The PCR was performed using the following primersaemia. Histologically, all specimens presented and conditions: for MDR1,12 5′CCCATCATTG-advanced atherosclerotic lesions. In addition, tissue CAATAGCAGG3′, 5′GTTCAAACTTCTGCTCCTGA3′samples of saphenous vein (n=11) were obtained from (167-bp fragment); 94 °C for 30 s, 55 °C for 60 s and11 patients undergoing saphenous vein stripping (four 72 °C for 60 s for 30 cycles. For ACAT,13 5′AGCA-males and seven females, from 42 to 70 years) and GAGGCAGAGGAATTGA3′, 5′GCACACCTGGCAA-anastomosed veins of arteriovenous fistulae were re- GATGGAG3′ (466-bp fragment); 95 °C for 30 s, 58 °Cmoved from patients (two females 41 and 80 years for 50 s and 72 °C for 60 s, for 40 cycles. For L714respectively) suffering from chronic renal failure. This 5′CCTGAGGAAGAAGTTTGCCC3′, 5′CTTGTTGAG-study was approved by the local ethics committee. CTTCACAAAGGTGCC3′ (285 bp fragment); 95 °C forImmediately after excision all specimens were col- 30 s, 60 °C for 30 s and 72 °C for 45 s, for 25 cycles.lected in sterile boxes containing Eurocollins solution, Preliminary experiments demonstrated that usingstored at 4 °C and within 2 h transported to the laborat- these PCR conditions the amount of product am-ory where they were cleaned of adventitial tissue and plification to RNA relationship was linear for the cycleendothelial layer, weighed and stored at −80 °C until number used over the range 500–1500 ng of total RNA.biochemical and molecular analysis was performed. Working in these conditions PCR products separatedTissue samples designated for light microscopic ex- on agarose and stained with ethidium bromide wasamination were fixed in 10% paraformaldehide, em- characterised by a major band of the predicted sizebedded in paraffin and then stained with (data not shown).haematoxylin-eosin.
Tissue lipid analysis
Blotting analysis
Atherosclerotic and control arterial samples were ho-
mogenised in nine volumes of 0.01 M potassium phos- During PCR reaction the non-radioactive label Di-
goxigenin-11-dUTP (DIG; Boehringer Mannheim) wasphate buffer (pH 7.4) and lipids were extracted with
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incorporated and immunodetected with anti-di-
goxigenin Fab fragments conjugated to alkaline phos-
phatase and visualised with the chemiluminescence
substrate CSPD⊂. Enzymatic dephosphorylation of
CSPD⊂ by alkaline phosphatase led to a light emission
at a maximum wavelength of 477 nm which was re-
corded on X-ray films. The DNA fragments were
separated by electrophoresis on agarose and then blot-
ted onto a nylon membrane for 16 h in 10×SSC. The
blot was exposed to X-ray film for 2–10 min. A Kodak
Digital Science Band Scanner Image Analysis System
containing HP ScanJet, ID Image Analysis Software
assessed the intensity of the bands in the auto-
radiograms.
The overall procedure was standardised by ex- AVFSV
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pressing the amount of PCR product for each target Fig. 1. Cholesterol ester content in normal and pathological vessels.
mRNA relative to the amount of product formed for Normal vessels were considered the arteries obtained from the
cadaveric donors and the veins obtained from the patients under-L7, a ribosomal protein which is encoded by a non-
going saphenous vein stripping. Pathological vessels were con-inducible cell cycle-independent gene. sidered the arteries obtained from the atherosclerotic symptomatic
Since a low yield of PCR products is often obtained patients and the veins obtained from two removed arteriovenous
fistulae. (ICA=internal carotid artery; AA=abdominal artery;when cDNA segments are coamplified with an internal
SFA=superficial femoral artery; IA=iliac artery; SV=saphenousstandard gene in the same tube,12 separate samples vein; AVF=arteriovenous fistulae). ∗ p<0.05 compared with normal
were processed. The relative levels of gene expression vessels.
were therefore determined by comparing the PCR
products of the target cDNA and L7 gene in separate
RT-PCR analysistubes.
We subsequently examined the presence of MDR1 and
ACAT mRNAs in the arterial and venous specimens
Statistical analysis (Figs 2–4). The small amounts of some arterial speci-
mens led us to apply RT-PCR for these studies. The
Because of the small number of the examined samples, specificity of the RT-PCR has been validated in a
all data have been expressed as median numbers. previous study.5 Figure 2 shows representative RT-
Results have been analysed using a non-parametric PCR analysis of artery and vein MDR1 and ACAT
Mann–Whitney-test. For all statistical analyses the mRNA. An age-dependent increase in MDR1 and
level of significance was set at p<0.05. All experiments ACAT gene expression in atherosclerosis-prone ar-
have been repeated at least three-fold. teries was present. On the contrary a very low ex-
pression of MDR1 and ACAT mRNA levels was
observed in atherosclerosis-resistant arteries as well
as in saphenous veins when compared to healthy andResults
pathological atherosclerosis-prone arteries. An in-
crease in MDR1 and ACAT mRNA levels has beenTissue lipid analysis
shown when two arteriovenous fistulae were in-
vestigated.As shown in Figure 1 accumulation of cholesterol
esters was significantly higher in arteries from symp- MDR1 and ACAT contents were normalised to that
of L7 mRNA and expressed as a percentage of targettomatic patients undergoing vascular surgery when
compared to the corresponding cadaveric non-ath- gene/L7 gene (Figs 3, 4). As shown in Figures 3 and
4 the ratio values of ACAT and MDR1/L7 mRNAerosclerotic arteries (p<0.05). There was also a sig-
nificant increase in cholesteryl ester in atherosclerotic increased significantly in arteries from symptomatic
patients when compared to normal arteries (p<0.05).arteries when compared to saphenous vein (p<0.05).
Lipid analysis performed in the walls of two arterio- By contrast, a very low expression of MDR1 and ACAT
mRNA levels was observed in saphenous veins whenvenous fistulae revealed an enhancement of cholesterol
ester content similar to that observed in samples from compared to healthy and pathological arteries. Fur-
thermore, an increase in MDR1 and ACAT mRNAatherosclerotic arteries.
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Fig. 2. Representative autoradiograms of MDR1, ACAT and L7 gene expression in human vessels. Panels A–D (prone atherosclerosis
vessels): lanes 1–4, PCR products from multiorgan cadaveric donors (16, 27, 38, 48 years old); lanes 5, 6, PCR products from patients.
Panels E–F (resistant atherosclerosis vessels): lanes 1–4, PCR products from multiorgan cadaveric donors (16, 27, 38, 48 years old);
panel G: lanes 1–5, PCR products from saphenous veins; lanes 6, 7, PCR products from arteriovenous fistulae.
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proposed a model in which a membrane p-glyco-
protein (P-gp), encoded by the MDR1 gene, better
known for its ability to catalyse ATP-dependent efflux
of cytotoxic agents from tumour cells when over-
expressed,13 is also required for transport of free cho-
lesterol from the plasma membrane to the ER. These
authors also found a direct correlation between MDR
activity and cholesterol esterification in a number of
cultured human cell lines suggesting a role for MDR
in cholesterol esterification.
In both early and late atherogenesis, cholesteryl
esters accumulate in macrophages and smooth muscle
cells to form foam cells. Based on these observations,
we deemed it of importance to test whether variations
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in MDRI gene expression correlated with those of
cholesterol ester content and ACAT expression inFig. 3. RT-PCR study of the expression of MDR1 mRNA in normal
and pathological vessels. Abbreviations as in Figure 1. ∗ p<0.05 human arteries prone and resistant to atherosclerosis
compared with normal vessels. (Φ) Normal vessels; (Ε) pathological as well as in human vein walls which usually do not
vessels.
present atherosclerotic lesions.
Mapping of the arterial tree showed an increase in
cholesteryl ester content as well as in ACAT and MDR1
gene expression in the arteries prone to atherosclerosis.
Furthermore, their expression was maximal in athero-
sclerosis-prone arteries from symptomatic patients
who underwent vascular surgery of the abdominal
aorta, carotid artery and superficial femoral artery.
By contrast, cholesteryl ester accumulation in veins
of the lower limb was small and was not related to
the age of subjects.
Interestingly, in the arteriovenous fistulae, chol-
esteryl ester accumulation and ACAT and MDR1 gene
expression was similar to that observed in athero-
sclerosis-prone arteries from symptomatic patients.
The anastomosed veins of arteriovenous fistulae fromSV
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humans are known to develop accelerated phlebo-
Fig. 4. RT-PCR study of the expression of ACAT mRNA in normal
sclerosis with aneurysm formation and lipid ac-and pathological vessels. Abbreviations as in Figure 1. ∗ p<0.05
compared with normal vessels. (Φ) Normal vessels; (Ε) pathological cumulation, such changes being considered
vessels. atherosclerotic.14 Anastomosed veins from therapeutic
fistulae for renal dialysis are a site of considerable
levels has been shown in two arteriovenous fistulae increased intravenous pressure and mechanical stress.
when compared to veins obtained from patients under- This observation seems to indicate an increase in lipid
going saphenous vein stripping. content in arteries as well as in veins when they are
exposed to altered haemodynamic forces. Accordingly,
alterations in blood flow appear to be critical in de-
termining which vessel sites are prone to lesions.7–9Discussion
Present data indicate that the expression of MDR1
is positively correlated with that of the ACAT gene,Cholesterol esterification depends on the availability
and both with the intracellular levels of cholesterylof cholesterol substrate in the endoplasmic reticulum
esters. This suggests a possible involvement of MDR1(ER). Under physiological conditions, virtually all free
in the evolution of atherosclerotic lesions. We hy-cholesterol esterified in vivo is derived from the plasma
pothesise that, during atherogenesis, the increasedmembrane. This suggests that a membrane-associated
internalisation of modified LDL via scavenger re-control mechanism might be involved in the delivery
of cell surface sterol to ER. Recently, Metherall et al. ceptors by atherosclerotic cells (macrophages and
Eur J Vasc Endovasc Surg Vol 22, July 2001
P. Petruzzo et al.36
smooth muscle cells), may cause an accumulation of References
free cholesterol in the plasma membrane deriving from
1 Dessi S, Batetta B, Anchisi C et al. Cholesterol metabolismhydrolytic conversion of cholesterol esters-LDL in ly-
during the growth of a rat ascites hepatoma (Yoshida AH-130).sosomes. Subsequently, in order to avoid plasma mem- Br J Cancer 1992; 66: 787–793.
brane toxicity, MDR1 gene is stimulated to produce 2 Dessi S, Batetta B, Pani A et al. Role of cholesterol synthesis
esterification in the growth of CEM and MOLT4 lymphoblasticP-gp which transports the excess membrane free chol-
cells. Biochem J 1997; 321: 603–608.esterol to the ER. Here it is immediately esterified by 3 Dessi S, Sanna F, Bonatesta RR et al. Growth regulation of
ACAT, resulting in a cytoplasmic accumulation of L1210 leukemic cells: role of cholesterol esterification. Athero-
sclerosis 1997; 135.cholesterol esters with consequent formation of foam
4 Batetta B, Pani A, Putzolu M et al. Correlation betweencells. cholesterol esterification, MDR1 gene expression and rate of cell
Nevertheless, it remains to be established whether proliferation in CEM and MOLT4 cell lines. Cell Prolif 1999; 32:
49–61.cholesterol esterification is simply an “innocent by-
5 Batetta B, Dessi S, Putzolu M et al. MDR1 gene expression instander” or plays a direct causal role in the progression
normal and atherosclerotic human arteries. J Vasc Res 1999; 36:
of disease. Cholesterol esters and the genes correlated 261–271.
6 Ross R. Mechanisms of disease: atherosclerosis – an in-to cholesterol esterification might be important in
flammatory disease. N Eng J Med 1999; 340: 115–126.growth rate regulation by providing a rapid supply
7 Gotlieb AI, Langille BL. The role of rheology in atheroscleroticfor membrane biogenesis as well as by playing a direct coronary arterie disease. In: Fuster V, Ross R, Topol EJ, eds.
role in the balance of the growth regulator factors. Atherosclerosis and coronary artery disease. Volume 1. Phila-
delphia: Lipincott-Raven, 1996; 595–606.Although the cellular components of atherosclerotic
8 McMillan DE. Blood flow and the localization of atheroscleroticlesions show a different composition in each of the plaques. Stroke 1985; 16: 582–587.
different stages of lesion formation and progression, 9 Nakashima Y, Raines EW, Plump AS et al. Upregulation of
VCAM-1 and ICAM-1 at atherosclerosis-prone sites on the endo-smooth muscle cells, monocytes, macrophages, T lym-
thelium in ApoE-deficient mouse. Arteriosler Tromb Vasc Biolphocytes and endothelial cells are always present and 1998; 18: 842–851.
in proliferation,6 it is thus possible to suggest that 10 Bowman RE, Wolf RC. A rapid and specific ultramicromethod
for total serum cholesterol. Clin Chem 1962; 8: 303–309.cholesteryl ester levels and the genes correlated to
11 Chromczynsky P, Sacchi N. Single-step method of RNA isol-cholesterol esterification could play a key role in reg-
ation by acid guanidiun thiocianate-phenol-chlorophorm ex-
ulating cell proliferation rate also during athero- traction. Ann Biochimi 1987; 162: 156–159.
12 Noonan KE, Beck C, Holzmayer TA et al. Quantitative analysisgenesis. Therefore, aim of the future pharmaceutical
of MDR1 (multidrug resistance) gene expression in human tu-interventions might be to inhibit cholesteryl ester syn-
mors by polymerase chain reaction. Proc Natl Acad Sci USA 1990;thesis and consequent arterial cell proliferation using 87: 7160–7164.
drugs such as progesterone which showed to be able 13 Metherall JE, Li H, Waugh K. Role of multidrug resistance p-
glycoproteins in cholesterol biosynthesis. J Biol Chem 1996; 271:to inhibit smooth muscle cell proliferation,15 cholesterol
2634–2640.esterification13 as well as MDR1 activity.16 14 Jones GT, Van RiJ AM, Packer SGK et al. Venous endothelial
changes in therapeutic arteriovenous fistulae. Atherosclerosis 1998;
137: 149–156.
15 Lee W, Harder JA, Yoshizumi M et al. Progesterone inhibits
arterial smooth muscle cell proliferation. Nature Med 1997; 3:
1005–1008.
16 Debry P, Nash EA, Neklason DW et al. Role of multidrugAcknowledgements
resistance p-glycoproteins in cholesterol esterification. J Biol Chem
1997; 272: 1026–1031.This study was supported by grants from Ministero dell’Universita`
e Ricerca Scientifica (ex. 40% and ex. 60%), University of Cagliari
and Regione Autonoma della Sardegna. Accepted 27 March 2001
Eur J Vasc Endovasc Surg Vol 22, July 2001
